Introduction {#s0001}
============

Transient receptor potential (TRP) ion channels of the ankyrin 1 (TRPA1) and vanilloid 1 (TRPV1) subtypes are members of the TRP superfamily of structurally related, non-selective cation channels first described in sensory neurons that are highly permeable to calcium.[@cit0001] Recent evidence suggests that TRPA1 and TRPV1 receptors exhibit reciprocal regulation, indicating cross-talk between the 2 receptors when co-expressed in the same cell[@cit0002] and both channels play an important role in the induction of neurogenic pain and inflammation.[@cit0004] However, there is accumulating evidence that TRPA1 and TRPV1 have functional roles independent of sensory neurons. In fact, emerging evidence indicates TRPA1 and TRPV1 are expressed in various of other cell types including smooth muscle cells and endothelial cells.[@cit0011]

To our knowledge the expression of TRPA1 at the protein level in cardiac muscle as well as evidence identifying the functionality of the channel and its ultrastructural location in CMs has yet to be described. One recent study identified the presence of TRPA1 mRNA in mouse CMs,[@cit0012] whereas only one other study has demonstrated expression of TRPA1 at the protein level in cardiac fibroblasts.[@cit0013] However, several studies conducted over the past decade have demonstrated a cardioprotective role for TRPV1 in the setting of myocardial ischemia and reperfusion injury[@cit0014] in addition to attenuating high salt-induced cardiac hypertrophy[@cit0015] and ameliorating pressure overload-induced hypertrophy.[@cit0017] Moreover, TRPV1 channels have recently been described to primarily localize near the epicardial surface of the heart,[@cit0019] however the precise location of the TRPV1 channels within the ultrastructure of the cardiomyocyte (CM) has yet to be reported. Since evidence exists in sensory neurons and heterologous expression systems that TRPA1 and TRPV1 may cross-regulate each other\'s function serving as "partners in crime",[@cit0020] we questioned whether the potential for a similar paradigm may exist if in fact TRPA1 is coexpressed with TRPV1 in adult mouse CM\'s. Uncovering the precise location of TRPA1 and TRPV1 within the ultrastructure of the CM could provide important information as to the specific role(s) the channels mediate in physiological and/or pathophysiological events in the heart.

In the current study, we examined the extent to which TRPA1 and TRPV1 are co-expressed in adult mouse CM\'s, assessed whether they are expressed throughout the entire myocardium or localized to specific layers of the heart and identified their precise ultrastructural location within the isolated CM cytoskeleton. Moreover, we have explored the extent to which TRPA1 and TRPV1 are functionally active by assessing changes in intracellular free Ca^2+^ concentration (\[Ca^2+^\]~i~ in response to increasing concentrations of allyl isothiocyanate (AITC; specific TRPA1 agonist) or capsaicin (specific TRPV1 agonist) in CM\'s obtained from WT as well as TRPA1^−/−^ and TRPV1^−/−^ mice. Dose response curves for TRPA1 channel inhibition (HC-030031) or TRPV1 channel inhibition (SB366791) on the agonist-induced rises in \[Ca^2+^\]~I~ were also performed in CM\'s obtained from WT mice. The major findings of the current study are that both TRPA1 and TRPV1 are co-expressed in CMs throughout the endocardium, myocardium and epicardium and appear to specifically colocalize at the Z-discs and costameres. Moreover, both TRPA1 and TRPV1 agonists elicit transient rises in \[Ca^2+^\]~i~ that are absent in CMs obtained from TRPA1^−/−^ and TRPV1^−/−^ mice and attenuated in a dose-dependent manner in WT CMs pretreated with specific TRPA1 and TRPV1 channel antagonists. The current studies will lay the foundation for future studies investigating the extent to which cross-talk/regulation between TRPA1 and TRPV1 play a role in mediating the physiology and pathophysiology of cardiac tissue.

Results {#s0002}
=======

TRPA1 and TRPV1 are expressed in CMs {#s0002-0001}
------------------------------------

Representative immunoblots demonstrating the expression of TRPA1 and TRPV1 in CMs are shown in [Figures 1A--B](#f0001){ref-type="fig"}. CMs obtained from WT, TRPA1^−/−^ and TRPV1^−/−^ mice were lysed and prepared for immunoblotting using antibodies recognizing TRPA1 or TRPV1. Non-transfected F-11 cells and F-11 cells transfected with TRPA1 and TRPV1 served as the negative and positive controls, respectively. Immunoblot analysis demonstrated expression of TRPA1 at 110 kDa ([Fig. 1A](#f0001){ref-type="fig"}) and subsequent reprobing of TRPV1 at 95 kDa ([Fig. 1B](#f0001){ref-type="fig"}). Figure 1.Representative immunoblots depicting TRPA1 and TRPV1 expression in adult mouse ventricular cardiomyocytes (CMs). Representative immunoblots demonstrating TRPA1 (A) and TRPV1 (B) expression in F-11 cells transfected with TRPA1 and TRPV1 (F-11 A1/V1), non-transfected F-11 cells (F-11 NT), wild-type (WT) CMs, TRPA1^−/−^ CMs and TRPV1^−/−^ CMs. GAPDH was probed as the loading control. PL = protein ladder.

TRPA1 and TRPV1 colocalize in cardiac tissue {#s0002-0002}
--------------------------------------------

Mid-ventricular heart sections obtained from WT, TRPA1^−/−^ and TRPV1^−/−^ mice were subjected to anti-TRPA1 and/or anti-TRPV1 antibodies and prepared for immunohistochemical analysis ([Fig. 2](#f0002){ref-type="fig"}). DAPI was used to label nuclei. Immunohistochemical staining of TRPA1 or TRPV1 in sections obtained from WT, TRPA1^−/−^ and TRPV1^−/−^ mice are shown in [Figure 2A--B](#f0002){ref-type="fig"} and illustrate the presence of TRPA1 and TRPV1 throughout the heart in sections obtained from WT mice whereas no immunodetectable staining was evident for TRPA1 or TRPV1 in the sections obtained from TRPA1^−/−^ or TRPV1^−/−^ mice respectively. WT heart sections were also exposed to secondary antibodies in the absence of TRPA1 and TRPV1 primary antibodies, which yielded no immunodetectable labeling ([Fig. 2C](#f0002){ref-type="fig"}). Mid-ventricular heart sections obtained from WT mice that were incubated with both anti-TRPA1 and anti-TRPV1 antibodies are also illustrated in [Figure 2D](#f0002){ref-type="fig"} indicating colocalization of TRPA1 and TRPV1 throughout the endocardium, mid-myocardium and epicardium. Upon further examination through acquisition of serial confocal Z-stack images of the sections to assess physical depth of tissue staining we observed that both TRPA1 and TRPV1 appear to be localized at the costameres and the Z-discs ([Fig. 3A--B](#f0003){ref-type="fig"}). Finally, immunocytochemical assessment of the precise cytoskeletal localization of TRPA1 and TRPV1 was performed in freshly isolated CMs. In these studies, CMs were immunostained with anti-α-actinin (Z-disc marker), anti-vinculin (costamere and intercalated disc marker), anti-TRPA1 and/or anti-TRPV1 ([Fig. 4](#f0004){ref-type="fig"}). [Figures 4A--B](#f0004){ref-type="fig"} demonstrates colocalization of both TRPA1 and TRPV1 with α-actinin (panel A) indicating localization of both channels at the z-disc in addition to both channels also colocalizing with vinculin (panel B) indicating their presence at the costameres and intercalated disc. Confirmation of the coexpression of TRPA1 and TRPV1 channels in CMs and their co-localization at the z-discs, costameres and intercalated discs is demonstrated in [Figure 4C](#f0004){ref-type="fig"}. Figure 2.Representative confocal images (10X magnification) obtained from WT mouse hearts depicting immunolocalization of TRPA and TRPV1 in the endocardium (Endo), myocardium (Myo) and epicardium (Epi). Thirty μm sections were labeled with antibody recognizing TRPA1 (green; A) or TRPV1 (red; B) in hearts obtained from WT, TRPA1^−/−^ and TRPV1^−/−^ mice. WT heart sections were also treated with secondary antibody in the absence of primary (C). DAPI was used for nuclear staining. Representative confocal images of double-stained sections indicate that immunodetectable TRPA1 and TRPV1 colocalize throughout cardiac tissue (D). Figure 3.Representative confocal Z-stack images obtained from WT hearts to assess the physical depth of tissue staining reveals that TRPA1 and TRPV1 localize at the costameres (yellow arrows) and Z-discs (white arrows) within the tube-like structure of cardiac myofibers. Heart sections (30 μm) were labeled with antibody recognizing TRPA1 (green; A) or TRPV1 (red; B) and images were acquired at the top and middle (Mid) layers of the myofiber. The lack of Z-disc staining at the middle-levels indicate TRPA1 and TRPV1 predominantly localize toward the outer Z-discs and associated costameric complexes in cardiac tissue. Scale bar, 10 μm. Figure 4.Confocal images in CM obtained from WT mice confirm that TRPA1 and TRPV1 colocalize at the Z-disc, costameres as well as the intercalated discs. Freshly isolated CMs were double labeled with antibody recognizing TRPA1 or TRPV1 and α-actinin (z-disc marker; white arrows) A). Similar immunolabeling with antibody recognizing TRPA1 or TRPV1 and vinculin (costamere and intercalated disc marker, yellow arrow) was also performed (B). Representative confocal images of double-labeled CMs revealed that TRPA1 and TRPV1 colocalize at the Z-disc, costamere, and intercalated discs (C). Scale bar, 10 μm.

TRPA1 and TRPV1 agonists elicit dose-dependent transient rises in \[Ca^2+^\]~I~ in CMs {#s0002-0003}
--------------------------------------------------------------------------------------

To examine the extent to which TRPA1 and TRPV1 channels are physiologically functional in the heart, we performed dose-response studies assessing changes in \[Ca^2+^\]~i~ in response to the TRPA1 agonist, AITC or the TRPV1 agonist, capsaicin in freshly isolated CMs ([Figs. 5 and 6](#f0005 f0006){ref-type="fig"}). Real-time calcium measurements revealed transient rises in \[Ca^2+^\]~I~ in WT CMs when treated with AITC (100 μM; [Fig. 5A](#f0005){ref-type="fig"}) or capsaicin (100 nM; [Fig. 5B](#f0005){ref-type="fig"}). The AITC- and capsaicin-induced transient rises in \[Ca^2+^\]~i~ were absent in CMs obtained from TRPA1^−/−^ or TRPV1^−/−^, respectively ([Fig. 5C--D](#f0005){ref-type="fig"}). CMs from all 3 groups of mice were exposed to potassium chloride (KCl; 35 mM) subsequent to agonist activation to confirm cell viability and adequate fura-2AM loading. -Similarly, pharmacological studies indicate that the transient rises in \[Ca^2+^\]~i~ elicited via AITC and capsaicin were eliminated in WT CMs pretreated with TRPA1 antagonist, HC-030031 (500 nM; [Fig. 5E](#f0005){ref-type="fig"}) or the TRPV1 antagonist SB366791 (10 μM; [Fig. 5F](#f0005){ref-type="fig"}), respectively. Moreover, capsaicin and AITC induced transient rises in \[Ca^2+^\]~I~ in CMs obtained from TRPA1^−/−^ and TRPV1^−/−^ mice, respectively ([Fig. 5G and 5H](#f0005){ref-type="fig"}). Summarized data illustrating the effects of AITC or capsaicin on transient rises in \[Ca^2+^\]~i~ in CMs pretreated with pharmacological inhibitors of the channels or in CMs obtained from TRPA1^−/−^ and TRPV1^−/−^ mice are depicted in [Figure 5G](#f0005){ref-type="fig"}. Finally, we assessed the dose-dependency of AITC and capsaicin to elicit increases in \[Ca^2+^\]~i~ as well as the dose-dependent effects of the specific TRPA1 and TRPV1 antagonists to block the responses to AITC or capsaicin in CMs ([Fig. 6](#f0006){ref-type="fig"}). These experiments were performed using a 96 well plate fluorescent Ca^2+^ assay kit where cells in each well could be stimulated with only one dose of the agonist and/or inhibitor prior to the measurement. This was done in order to circumvent the potential for repetitive stimulation of the TRPA1 or TRPV1 channels to desensitize. Summarized data depicting the dose-dependent effect of AITC or capsaicin on \[Ca^2+^\]~i~ in CM obtained from WT and TRPA1-/- or TRPV1-/- mice are depicted in [Figure 6A--B](#f0006){ref-type="fig"}. Summarized data depicting the dose-dependent effect of the TRPA1 antagonist, HC-030031 or the TRPV1 antagonist, SB366791 on AITC-induced or capsaicin-induced increases in \[Ca^2+^\]~i~, respectively, are depicted in [Figure 6C--D](#f0006){ref-type="fig"}. Figure 5.Representative traces depicting the effect of TRPA1 agonist stimulation with AITC (100 μM; 10 second exposure) or TRPV1 agonist stimulation with capsaicin (100 nM; 10 second exposure) on \[Ca^2+^\]~i~ in freshly isolated CMs obtained from WT mice ((A)and B, respectively) as well as in CM\'s obtained from TRPA1^−/−^ or TRPV1^−/−^ mice ((C) and D, respectively). Representative traces depicting the effect pre-treatment with the TRPA1 antagonist, AITC HC-030031 (500 nM) or the TRPV1 antagonist, SB366791 (10 μM) on AITC- or capsaicin-induced transient rises in \[Ca^2+^\]~i~ in CMs obtained from WT mice ((E) and F, respectively). Representative traces depicting the effect of AITC or capsaicin on CMs obtained from TRPA1^−/−^ and TRPV1^−/−^ mice ((G) and H, respectively). CMs were treated with potassium chloride (KCl) where indicated. Summarized data for A-H (I). Data are expressed as a percent of the response observed in vehicle-treated CMs (% of control mean value ± SEM). n = experiments performed in CMs obtained from 6 separate mice. \**P* \< 0.05 compared to vehicle-treated cells (ethanol). \#*P* \< 0.05 compared to AITC-treated WT CMs. †*P* \< 0.05 compared to capsaicin-treated WT CMs. Statistical analysis performed using one way analysis of variance and the Bonferroni *post hoc* test. Figure 6.Summarized data depicting the dose-dependent effect of AITC or capsaicin on \[Ca^2+^\]~i~ in CMs obtained from WT, TRPA1^−/−^ or TRPV1^−/−^ mice ((A) and (B) respectively). Responses to ethanol alone (vehicle control) were normalized to 100% and considered the control response. Summarized data depicting the dose-dependent effect of the TRPA1 antagonist, HC-030031 or the TRPV1 antagonist, SB366791 on AITC- (100 µM) or capsaicin- (100 nM) induced increases in \[Ca^2+^\]~i~. ((C)and (D)respectively). Responses to the AITC alone (100 µM) were normalized to 100% and considered the control response. n = experiments performed in CMs obtained from 6 separate mice. \*P \< 0.05 compared to vehicle treated (ethanol) control. Statistical analysis performed using one way analysis of variance and the Bonferroni *post hoc* test.

Discussion {#s0003}
==========

To our knowledge, this is the first study to thoroughly characterize the ultrastructural localization and functional expression profiles of TRPA1 and TRPV1 ion channels in adult mouse CMs. The immunodetection, ultrastructural localization and functionality of TRPA1 channels at the protein level in cardiac muscle has not been previously reported. Although immunodetectable TRPV1 has previously been identified in mouse hearts[@cit0016] and appears to be located on the epicardial surface as well as in blood vessels and perivascular nerves,[@cit0019] the precise ultrastructural location of TRPV1 channels in the hearts as well as a detailed pharmacological profile of the channel has yet to be established in adult mouse CMs. The major findings of the current study are that both TRPA1 and TRPV1 are co-expressed in the adult mouse heart throughout the epicardium, myocardium as well as endocardium, and both channels appear to co-localize at the costameres, z-disc and intercalated discs in isolated CMs. Moreover, both TRPA1 and TRPV1 channels are functional in isolated CMs since both channels respond to selective agonist stimulation with a transient increase in \[Ca^2+^\]~i~ in a dose-dependent manner, an effect that is dose-dependently attenuated with specific channel antagonists and is absent all together in CMs obtained from TRPA1^−/−^ and TRPV1^−/^− mice.

TRPA1 and TRPV1 expression in cardiac tissue {#s0003-0001}
--------------------------------------------

The superfamily of TRP ion channels play important roles in the physiology of the cardiovascular system by regulating fundamental cell functions such as contraction, relaxation, proliferation, differentiation and cell death,[@cit0011] but also play an important role in the pathophysiology of many diseases in the cardiovascular system.[@cit0022] Although the expression, ultrastructural localization and physiological/pathophysiological role(s) for TRPA1 ion channels in myocardial tissue has yet to be determined, the expression of TRPV1 channels in cardiac muscle and their role in physiological/pathophysiological processes in the heart have recently been reported and are rapidly emerging as key players in a myriad of cellular and molecular events related to cardiac diseases. For example. several studies have demonstrated the presence of TRPV1 in cardiac muscle and an important role for the channel in mediating myocardial protection from ischemic injury.[@cit0019] In contrast, evidence also exists for TRPV1 channels playing a role in the development of the pathophysiology of cardiac hypertrophy and heart failure[@cit0018] whereas another study indicated TRPV1 activation attenuates high-salt diet-induced cardiac hypertrophy and fibrosis.[@cit0016] Limited information is available describing where in the heart TRPV1 channels are expressed, which specific cell types are involved (myocytes, fibroblasts, vasculature, etc) and where is the precise ultrastructural location of the channel in cells where it is expressed. Previous studies by our laboratory have identified that the sensitivity of TRPV1 channels to agonist activation can be modulated by TRPA1 channel agonists indicating cross-talk/regulation between the channels that may be vital for altering cellular responses to noxious stimuli in sensory neurons.[@cit0020] Because TRPA1 protein has not yet been reported in cardiac muscle, but plays an important regulatory role in sensory neurons when co-expressed with TRPV1, our objectives were to identify the extent to which TRPA1 is co-expressed with TRPV1 in cardiac muscle and determine their precise ultrastructural locations within the CM. Identifying the localization of these channels could provide important fundamental insight and clarification into their roles in physiological and pathophysiological consequences.

Our studies clearly indicate that both TRPA1 and TRPV1 are expressed throughout the heart and appear to localize at the costameres, z-discs and intercalated discs in adult mouse CMs. Costameres are critically important cytoskeletal structures demonstrated to have significant roles in mechanosensation and bidirectional signal transduction in CMs.[@cit0031] Functionally, they are similar to focal adhesion complexes but they are found in register with Z-discs and circumferentially couple the cardiac myofibrils to the sarcolemma. The positioning of costameres within the ultrastructure of the CM eludes to their vast ability to modulate physiological and pathophysiological events in cardiac tissue. Furthermore, Z-discs are commonly regarded as "internal costameres," by which they share similar functional roles in CM biochemical signal transduction; each are implicated in sensing mechanical stress and subsequent conversion of stress signals into alterations of protein synthesis, cell-cell communication, protein assembly within the sarcomere and ion channel function, among others.[@cit0033] The exact mechanisms by which mechanical stimuli are converted into biochemical responses remain elusive, however, mechanosensitive ion channels have been implicated as potential players by which they mediate mechanisms that occur between the cytoskeleton and the sarcolemma.[@cit0036] Although the roles of TRPA1 and TRPV1 channels play in mediating intracellular signaling pathways and molecular mechanisms within cardiac tissue remains elusive, these channels are understood to be mechanosensitive, signal transducers in other cell types throughout the body[@cit0001] -- characteristics which may elude to which intracellular and intercellular events the channels play a role in regulating within CMs. Since TRPA1 and TRPV1 have been demonstrated to serve roles in mechanosensation in tissues throughout the body,[@cit0037] we speculate they will serve a similar role in ventricular CMs, by which they can sense external stimuli and transmit that signal internally. Furthermore, the localization of TRPA1 and TRPV1 at the region of the presumed intercalated discs suggests the ion channels may serve a role in cell-cell adhesion or the propagation of chemical and electrical signals through the network of the lattice-like cardiac tissue.

Even though costameres are generally investigated in regards to their ability to transmit contractile forces from the inside of CMs to neighboring tissues, as well as converting forces generated in the extracellular matrix to intracellular biochemical signals, costameres and Z-discs are also known to be muscle cell signaling "hot-spots".[@cit0035] Although there is a paucity of information underlying the signaling pathways elicited via TRPA1 and/or TRPV1 activation in CMs, the ion channels have been demonstrated to induce a myriad of intracellular signaling events upon stimulation in other cell types.[@cit0021] Indeed, mechanistically delineating intracellular signaling events elicited via TRPA1 and TRPV1 stimulation and the potential role for cross-regulation of the channels in mediating cellular events in cardiac muscle, particularly in mediating myocardial protection, is of great clinical significance and will be the focus of future investigations.

Regulation of cardiac function by TRP channels is typically attributed to TRP-channel-expressing cardiac nerve afferents innervating the heart tissue, itself.[@cit0040] Consequentially, TRP channel physiological and pathophysiological functionality within cardiac tissue/CMs has yet to be fully elucidated. As noted earlier, a previous study indicated that TRPV1 appeared to localize predominantly to the epicardial layer of the heart[@cit0019]; however, results included within this investigation indicate that both TRPA1 and TRPV1 are expressed throughout the 3 layers (endocardium, myocardium, epicardium) of cardiac tissue. Although previous investigations have demonstrated the role of TRPV1 in hypertrophy and heart failure,[@cit0018] the extent to which TRPA1 and TRPV1 regulate basal cardiac function remains elusive. Furthermore, although TRPV1 has been extensively investigated in regards to its role in myocardial protection following ischemia,[@cit0019] further studies are required in order to precisely determine how TRPA1 and TRPV1 channel function is altered in pathological conditions.

TRPA1 and TRPV1 stimulation elicits calcium influx in CMs {#s0003-0002}
---------------------------------------------------------

As stated previously, TRPA1 and TRPV1 are non-selective cation channels that tend to show high permeability to calcium.[@cit0001] Although we demonstrate co-expression and co-localization of both TRPA1 and TRPV1 in CMs, we next sought to determine whether the channels are functional and explore their sensitivity to agonist activation which should result in transient increases in \[Ca^2+^\]~i~ in CMs. Our studies indicate that the selective agonists for TRPA1 (AITC) or TRPV1 (capsaicin) channels causes a dose-dependent transient rise in \[Ca^2+^\]~i~. Moreover, this effect was absent in CMs obtained from TRPA1^−/−^ and TRPV1^−/−^ mice indicating that AITC and capsaicin selectively stimulate calcium influx through functional TRPA1 and TRPV1, respectively. Similarly, the agonist-induced transient rise in \[Ca^2+^\]~i~ was dose-dependently attenuated when CMs obtained from WT mice were pretreated with selective antagonists of TRPA1 (HC-030031) or TRPV1 (SB366791) prior to agonist stimulation. These transient increases in \[Ca^2+^\]~i~ are similar to our previous findings in sensory neurons and indicate functional gating of the channels in response to the agonists as well as pharmacological sensitivity to well established antagonists of each channel. A dose-dependent increase in \[Ca^2+^\]~i~ was previously observed in a cultured cardiac cell line (H9c2 cells), however the response to capsaicin was a sustained elevation in \[Ca^2+^\]~i~ which did not return to baseline suggesting that the TRPV1 channels in this cell line may not be gating properly.[@cit0016]

Calcium regulation in CMs partially dictates inotropic, chronotropic and lusitropic properties and the resulting cellular energetics within cardiac tissue. Although TRP channel-mediated calcium entry has been shown to induce intracellular signaling cascades in several other cell types,[@cit0042] as well as induce fibroblast proliferation and differentiation leading to various forms of arrhythmia, hypertrophy or heart failure,[@cit0045] the extent to which TRPA1 and TRPV1 modulate these effects in CMs remains to be determined and will be the focus of future investigations. Taken together with the polymodal activation characteristics of TRP channels, we speculate that TRPA1 and TRPV1 may have diverse functions in cardiac physiology and pathophysiology. However, since TRP channels are able to integrate and initiate signaling events via calcium entry and consequential membrane depolarization, it is feasible to hypothesize a role for these channels in mediating cellular functions such as contraction, relaxation, myogenic regulation (perhaps due to mechanosensation) and cell death in the heart.

Summary and conclusions {#s0004}
=======================

Due to the paucity of information regarding the functional expression and localization of TRPA1 and TRPV1 in cardiac tissue, this investigation was designed to examine expression patterns of the ion channels in freshly isolated CMs and to begin delineating the physiological functions of the channels in response to agonist stimulation. Overall, our current findings are consistent with previous reports of TRPV1 expression in the heart,[@cit0011] but the reporting of TRPA1 at the protein level in CMs is novel in nature. Furthermore, we demonstrate that TRPA1 and TRPV1 are expressed throughout the different layers of the heart and they colocalize at the intercalated discs, but are most heavily concentrated at the Z-discs and costameres within the CM cytoskeleton. The localization of TRPA1 and TRPV1 in CMs have prompted several hypotheses. First, the Z-disc is the site of localization for many proteins, which indicate that the ion channels may share similar signaling pathways and/or are involved in direct physical interactions with other structures located therein. Secondly, CMs have stress-strain sensors embedded at several locations, including the Z-disc, costameres and intercalated discs; this suggests a potential role for the receptors in mediating mechanotransduction.[@cit0049] Lastly, the localization of the channels at the intercalated discs could be correlated with the presence of proteins which mediate calcium-dependent cell-to-cell adhesion, such as N-cadherin.[@cit0050] Moreover, stimulation of TRPA1 and TRPV1 in freshly isolated CMs induces dose-dependent, transient rises in \[Ca^2+^\]~I~ -- effects which can be dose-dependently eliminated through the use of selective channel antagonists. In order to identify the myriad of events likely to be modulated by the presence and activation of TRPA1 and TRPV1 in cardiac tissue, future studies are required to further elucidate whether the channels communicate (either directly or indirectly) and the extent to which they mediate physiological events. In conclusion, the results included herein provide a foundation for proceeding investigations designed to determine the precise physiological functions of TRPA1 and TRPV1 in cardiac tissue. Delineating the signal transduction pathways and molecular mechanisms to which they are involved will provide fundamental insight into uncovering novel information regarding the regulation of TRPA1- and TRPV1-mediated physiological and pathophysiological events in cardiac tissue.

Materials and methods {#s0005}
=====================

Animal model {#s0005-0001}
------------

Four-month-old male C57BL/6 mice (n = 6/group) were used and maintained in accordance with the *Guide for the Care and Use of Laboratory Animals* (NIH). All animals were housed at the Kent State University animal care facility (Kent, OH), which is accredited by the American Association for Accreditation of Laboratory Animal Care.

Isolation of CMs {#s0005-0002}
----------------

Murine hearts were excised and transferred to a Langendorff apparatus for C) isolation, as previously described.[@cit0052] In brief, mice were sacrificed via cervical dislocation and hearts were rapidly excised then placed into a dish containing perfusion buffer. After the aorta was cannulated and blood was flushed, the hearts were subjected to retrograde perfusion at 37°C and pH 7.4 with a modified Krebs-Henseleit buffer (in mM: 120.4 NaCl, 4.8 KCl, 0.6 KH~2~PO~4~, 0.6 Na~2~HPO~4~, 1.2 MgSO~4~-7H~s~O, 10 Na-HEPES, 4.6 NaHCO~3~, 30 taurine, 10 B.M. and 5.5 glucose). The calcium-free buffer was sterile-filtered and paced with a peristaltic pump (Masterflex) to begin retrograde perfusion of the heart at a rate of 4 mL/min. After perfusion for 4 minutes, the same solution containing collagenase type II (300 U/mg, Worthington Biochemical) perfused the heart for an additional 8 minutes until the heart became soft. The left ventricles were removed, minced, then triturated in Krebs-Henseleit buffer containing fetal bovine serum. The resulting cellular digest was washed and resuspended in HEPES-buffered saline (in mM: 118 NaCl, 4.8 KCl, 0.6 KH~2~PO~4~, 4.6 NaHCO~3~, 0.6 NaH~2~PO~4~, 5.5 glucose, pH 7.4) at 23°C. CM yield was typically ∼80--90%. CMs were then either subjected to immunoblotting, immunocytochemistry, or slow calcium reintroduction (\[1.23 mM\]) and subsequent \[Ca^2+^\]~i~ measurements.

F-11 cell transfection with TRPV1 or TRPA1 {#s0005-0003}
------------------------------------------

F-11 cell transfection was carried out as previously described.[@cit0030] Cultured F-11 cells (hybridoma cell line) were transfected with TRPA1 or TRPV1 cDNA via electroporation using a Neon Transfection System (Invitrogen). In brief, cultured F-11 cells were harvested and washed with phosphate-buffered saline without calcium or magnesium. The cells were then resuspended in electrolytic buffer, where TRPA1 and TRPV1 cDNA was then added. Using a pulse voltage of 1500 V, a pulse width of 35 msec, and a pulse number of 2, electroporation was then performed. The cells were then suspended in Dulbecco\'s Modified Eagle\'s Medium supplemented with 10% fetal bovine serum at 37°C. The cells were used to demonstrate the presence of TRPA1 or TRPV1 in immunoblot analysis.

Preparation of cell lysates and immunoblot analysis {#s0005-0004}
---------------------------------------------------

Immunoblot analysis was performed as previously described.[@cit0053] CMs were homogenized in a lysis buffer (in mM: 25 Tris-HCl, 150 NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, pH 7.6) and protein concentration was assessed using the Bradford method (Bradford, 1976). All samples were adjusted to 2 mg/mL protein concentration in sample buffer. Samples containing equal amount of protein lysates (50 µg) were boiled then subjected to SDS-PAGE on a 4--15% precast polyacrylamide gels, (Bio-Rad) through the use of a minigel apparatus, which were then transferred to nitrocellulose membranes. Nonspecific binding was blocked with 5% nonfat milk in Tris-buffered saline solution (0.1% \[vol/vol\] Tween-20 in 20 mM Tris base, 137 mM NaCl, pH 7.6 containing 3% bovine serum albumin) for 45 minutes at room temperature. Polyclonal antibodies against TRPA1 (Novus Biologicals) and TRPV1 (Santa Cruz Biotechnology) were diluted 1:500 in Tris-buffered saline containing 5% nonfat milk and incubated at 4°C overnight. After washing in Tris-buffered saline, membranes were incubated for 1 h at room temperature with horseradish-peroxidase linked secondary antibody (goat anti-mouse and goat anti-rabbit) diluted 1:5000 in Tris-buffered saline with 5% nonfat milk. Antibody detection was conducted via enhanced chemiluminescence with an ImageQuant LAS 4000 Mini (General Electric) and immunoreactivity was quantified by scanning densitometry and analyzed using ImageJ software (NIH).

Immunocytochemistry {#s0005-0005}
-------------------

Immunocytochemistry techniques were carried out as previously described.[@cit0053] CMs were allowed to adhere to laminin-coated coverslips (20µg/mL) at 37°C for 2 h and subsequently fixed in a 1:1 acetone/methanol solution for 30 minutes. After washing with phosphate-buffered saline, cells were blocked before addition of primary antibodies. After blocking has occurred, CMs were double stained with combinations of the following primary antibodies: anti-α-actinin, anti-vinculin (Upstate Biotechnology, Lake Placid, NY), rabbit anti-TRPA1 and/or mouse anti-TRPV1. Alexa Fluor 488-conjugated donkey anti-rabbit and Alexa Fluor 568-conjugated donkey anti-mouse (Life Technologies) were used as secondary antibodies. Negative controls included CMs incubated with a single primary antibody and both secondary antibodies, as well as CMs incubated with secondary antibodies alone. Images were acquired using an Olympus Fluoview 100 confocal laser scanning microscope with an X63 objective lens.All images were acquired utilizing a 60X objective with a gain setting of 500 V and laser excitation wavelengths of 488 nm (multi-line Ar, 8.0% full power, BA505-525 filter) and 543 nm (HeNe, 12.0% full power, BA560-660 filter).

Immunohistochemistry {#s0005-0006}
--------------------

Hearts were rapidly excised and placed immediately in 4% paraformaldehyde (PFA) and incubated overnight at 4°C. Samples were rinsed and then incubated in 4°C overnight in increasing concentrations of sucrose (10, 15, 30%). Hearts were then frozen into Tissue-Tek OCT tissue-freezing medium (Sakura Finetek) and prepared for sectioning. Transverse cryosections were taken at 30 µM using a Leica cryostat and mounted on super frost plus coated glass slides. The slides were blocked and stained as previously described[@cit0054] using the same antibodies that were applied in the immunocytochemistry experiments, including DAPI. Negative controls included TRPA1^−/−^ or TRPV1^−/−^ heart sections stained with TRPA1 and TRPV1 antibodies, respectively, and WT heart sections incubated with secondary antibodies in the absence of a primary. Slides were visualized using a laser scanning confocal microscope with an oil immersion lens at 10X and 60X. All images were acquired with a gain setting of 500 V and laser excitation wavelengths of 488 nm (8.0% full power, BA505-525 filter) and 543 nm (12.0% full power, BA560-660 filter). Z-stack images were taken at several levels of cardiac myofibers to assess the physical depth of immunostaining and to confirm the localization of TRPA1 and TRPV1 ion channels at the costameres and Z-discs.

\[Ca^2+^\]~i~ measurements {#s0005-0007}
--------------------------

\[Ca^2+^\]~i~ measurements were performed as previously described.[@cit0055] For real-time intracellular calcium measurements, CMs were allowed to adhere to laminin-coated cover slips and incubated at room temperature for 30 min with fura-2 acetoxy methylester (fura-2/AM; 2 µM) in HEPES-buffered saline (in mM: 118 NaCl, 4.8 KCl, 1.23 CaCl~2~, 0.6 KH~2~PO~4~, 4.6 NaHCO~3~, 0.6 NaH~2~PO~4~, 5.5 glucose, pH 7.4). Coverslips containing the fura-2-loaded CMs were then mounted on the stage of an Olympus IX-81 inverted fluorescence microscope (Olympus America). CMs were superfused continuously with HEPES-buffered saline at a flow rate of 2 mL/min and compounds (agonists, antagonists) were delivered for ∼10 sec with a 10 min wash period between subsequent treatments. Potassium chloride (KCl; 35 mM) was utilized to confirm that the CMs are polarized and respond to KCl-triggered depolarization leading to the activation of the voltage-gated L-type Ca^2+^ channels. \[Ca^2+^\]~I~ measurements were simultaneously recorded on individual cells using the fluorescence imaging system and Easy Ratio Pro software (Photon Technology International) equipped with a multiwavelength spectrofluorometer (Deltascan RFK6002) and a QuantEM 512SC electron multiplying camera (Photometrics). Images and real-time calcium tracing data were acquired using an alternating excitation wavelength protocol (340, 380 nm/20 Hz) and emission wavelength of 510 nm. Background fluorescence was automatically corrected for the experiments using Easy Ratio Pro. The ratio of the 2 intensities was used to measure changes in \[Ca^2+^\]~I~ due to the fact that calibration of the system relies upon a number of assumptions. Dose response curves to agonists alone or agonist in the presence of increasing concentrations of antagonists were performed utilizing a fluorescent calcium assay kit (Molecular Probes) and a dual-wavelength multimode detector (DTX 880, Beckamn Coulter) with excitation and emission wavelengths set at 494 and 516 nm, respectively. CMs were centrifuged and resuspended in assay buffer (1X HBSS, 20 mM HEPES) and pipetted into a 96-well plate and then incubated at 37°C for ∼1 h to allow the cells to settle. A dye mix (containing Fluo-4 NW and probenecid) was subsequently added to the wells and incubated for 30 min at 37°C and then for an additional 30 min at room temperature. Increasing concentrations of AITC or capsaicin were aliquoted into each of the wells (10 min prior to measurement) to obtain dose-response curves for agonist-induced increases in \[Ca^2+^\]~i~. Similarly, dose response curves following a 10 min pre-treatment of increasing concentrations of the antagonists prior to addition of a maximal dose of channel agoinst were also performed. Results were quantified and are expressed as mean ± SEM.

Statistical analysis {#s0005-0008}
--------------------

\[Ca^2+^\]~I~ imaging experimental protocols were repeated with a minimum of 6 separate coverslips containing CMs from the respective groups. Results from each coverslips were averaged so each coverslip of CMs were equally weighted in calculations. The Shapiro-Wilk normality test was used to examine the Gaussian distribution. Comparisons between the groups were made utilizing repeated-measures one-way ANOVA and Bonferroni post hoc text (p \< 0.05). All results are expressed as mean ± SEM. Error bars in the figures signify the variability of peak \[Ca^2+^\]~I~ intensities in calcium imaging experiments or in the calcium assay as noted in the legends. Statistical analysis was carried out using Sigma Plot 11.0 software (Systat Software).
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AITCallyl isothiocyanate\[Ca^2+^\]~I~intracellular free calcium concentrationCMadult mouse ventricular cardiomyocyteTRPA1transient receptor potential ankyrin channel subtype-1TRPV1transient receptor potential vanilloid channel subtype-1
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[^1]: Color versions of one or more of the figures in the article can be found online at [www.tandfonline.com/kchl](http://www.tandfonline.com/kchl)
